Abstract: The electrolysis of CO 2 was investigated using a simple Pt/YSZ/Pt cell (yttria-stabilized zirconia (YSZ)). The cell performance increased drastically after applying the overvoltage of 4.0 V for~5 min. The current density increased 30 times at 1.4 V and 11 times at 2.0 V. Using a laser microscope and field emission scanning electron microscopy (FE-SEM), the structural changes of the surface of the Pt electrode and the interface between the YSZ and Pt electrode were investigated to understand the reaction mechanism at the cathode for increasing the cell performance. The results showed that the Pt electrode surface became smooth after the experiment. Moreover, the interface between YSZ and the Pt cathode greatly changed after the electrolysis experiment, while that of the anode showed only a minor change. The structure of the cathode interface consisted of a 1-μm-thick nano-porous Pt layer and a micro-porous structure comprising YSZ and Pt. These structures are involved in CO 2 electrolysis. Possible elementary reactions are also presented in this paper.
Introduction
Decreasing CO 2 emissions is currently an important issue for all developing countries. There are many approaches for reducing CO 2 emissions. One effective method is CO 2 capture and storage (CCS) for large CO 2 -discharging fields such as electrical power plants and steelmaking mills. In addition, some CO 2 from CCS can be used for high-temperature CO 2 electrolysis. This application can be practiced when a plant has unused heat. This source of energy can be used in combination with renewable energy resources such as solar and wind power.
Ebbesen et al. [1] have published a comprehensive review on high-temperature electrolysis. They pointed out that only limited studies on CO 2 electrolysis in the gas phase have been done [2] [3] [4] [5] , while H 2 O electrolysis [6] [7] [8] [9] [10] has been extensively investigated. The development of electrolyte materials having high ionic conductivity such as gadolinia-doped ceria (GDC) and La-Sr-Cr-Mn (LSDM) oxide systems has been studied by many researchers [11] [12] [13] [14] [15] . Since it is favourable to decrease the total energy of electrolysis, a goal of researchers is to reduce the temperature of electrolysis to as low a temperature as possible.
In the case of CO 2 electrolysis, however, carbon deposition occurs below 700°C, which can be expected by thermodynamic calculation from the reaction (2CO (g) = C(s) + CO 2 (g), under CO/CO 2 = 0.5 and 700°C), and decreases cell performance. This decreased cell performance is one reason that there are few research efforts on CO 2 electrolysis. In our previous study [16] , the increase in the performance of CO 2 electrolysis was studied by applying a voltage ranging from 2.5 V to 4.0 V using a simple Pt/YSZ/Pt cell, which increased the current density drastically after~5 min of application.
In this series of studies, YSZ and Pt electrodes are used in a cell in order to use the 1,000-1,500°C exhaust discharged from a steelmaking plant. One of the benefits of YSZ is its stability at high temperatures. In addition, the technology for fabricating YSZ products is well established. Furthermore, although platinum is expensive, it is 100 % recyclable.
In this report, the change in the micro-and nanostructure of the interface between the Pt electrode and YSZ is investigated using FE-SEM and a laser microscope. The relationship between the increase in cell performance and the change in the electrode structure was elucidated together with the reaction mechanism at the cathode. Figure 1 shows the reaction system used in this study. The cathode and anode reactions are expressed by eqs (1) and (2) Figure 2 shows the cross section and side view of the electrolytic cell. The Pt electrodes were 20-50 μm thick, and the cathode had an area of 1 cm 2 . After coating with Pt paste (TR-7601, Tanaka Kikinzoku Kougyou) for the desired area, the Pt paste was dried under ambient atmosphere. The cell was then heated to 1,000°C and held for 2 h to evaporate the organic compound, and to fix the thin Pt electrode to the YSZ surface. The details of the experimental setup and procedure have been reported in a previous study [16] .
Experimental
In this study, the structure of the Pt electrode was observed by a laser microscope and FE-SEM before and after the electrolytic experiments. The sample was embedded in resin, and then cut and polished for correctly observing the interface between YSZ and the Pt electrode using FE-SEM.
Results and discussion
When the applied voltage exceeded 2.0 V, the colour of the cell turned black, which meant that some reduction of YSZ had occurred. Cell operation times exceeding~10 min resulted in cell breakage. After a short time operation about 5 min at 4.0 V was performed, the operation voltage was returned to the lower one less than 2.0 V, when the colour of YSZ could return to the original colour.
To Figure 4 shows the relationships between voltage and current density for a new and used cell. The used cell underwent four runs on applying high voltage until 4.0 V at 1,000°C. After that, the current density increased~30 times at 1.4 V and~11 times at 2.0 V. To understand the reason for this increase, the change in the surface morphology of the Pt electrode on YSZ was examined using a laser microscope and FE-SEM. In addition, the nano-and micro-structures of the interface between the Pt electrode and YSZ were observed using FE-SEM. Figure 5 shows the surface of the Pt electrode using a laser microscope before and after this experiment. The surface morphology of the Pt electrode changed drastically after the experiment (Figure 5(a) and 5(b) ). The pore diameter seems to become larger after the experiment. In addition, the wall thickness of the Pt pores became thicker, which meant the Pt pore network was strengthened. It is considered that the larger pore size corresponds to high gas diffusivity, and the strong network corresponds to high electron conductivity. It is considered that these changes lead to an increase in current density. Figure 5(c) and 5(d) show the distributions of height before and after the experiment, respectively. Since the surfaces are a part of a tube, the average height increases slightly from the bottom of the image to the top of the image. Except for the incline of the base line, it is found that the surface roughness increases after the experiment. Figure 6 shows the comparison of surface profiles on the line shown in Figure 5 . The small arrows ( (1)- (5)) in Figure 6 show the position of pores in Figure 5 . The height of the surface profile ranged from 5-10 μm before experiment, while the height was 3-10 μm after the experiment. In addition, the variation of height increased after the experiment. The pore indicated by arrow (1) became wider, and the complicated structure disappeared, where located near arrow (1) before the experiment. Similarly, the pores indicated by arrows (3) to (5) were wider and deeper after the experiment. Some of the pores might be deeper than that in the figure and reaching to the surface of YSZ. However, because of the limits of the laser microscope, the measured depth of pores does not mean that the pores reach to the surface of YSZ. Figure 7 shows the surface morphology of the Pt cathode electrode before the experiment, immediately after heat treatment for 2 h under an air atmosphere at 1,000°C. The morphology of Pt shows a facet (Figure 7 (c) and 7(d)) corresponding to the crystal structure of Pt (FCC). This shape is stable in air. However, this surface structure drastically changed after the electrolytic experiment at ≥ 2.0 V, as shown in Figure 8 . The pores became wider and deeper (Figure 8(a) and 8(b) ), which is the same result as that observed with the laser microscope ( Figure 5) . Moreover, the faceted surface disappears and showed a round and smooth shape (Figure 8(c) and 8(d) ). This structure is related to the adsorption of CO 2 (g) and its decomposition into oxygen, which is adsorbed on the empty site of the surface of Pt, (θ Pt (O)), which moves to the interface between YSZ and the Pt electrode during electrolysis. The elementary reactions can be expressed by Eqs. (3)-(6).
where θ Pt is the free adsorption site on the Pt surface (or Pt atom having a dangling bond), and θ Pt (CO 2 ) and θ Pt (O) are CO 2 and O adsorbed on the sites, respectively; δ c is a site in the cathode electric double layer within the YSZ neighbouring the Pt electrode, and δ c (O 2-) is an oxygen ion occupied on the site of the electric double layer. The gas phase species on the surface of Pt are θ Pt (CO 2 ) and θ Pt (O). θ Pt (O) will migrate to the interface between YSZ and the Pt electrode. The change in surface morphology is related to the migration of θ Pt (O). Generally, the edge of the facet plane provides an intense adsorption site. When the voltage is applied to the cell, θ Pt (O) should move toward the interface. The mechanism for this reaction is not exactly known. One possible mechanism is a transfer through the site exchanging reaction (Eq. (7)).
Another possibility is the migration of θ Pt (O) itself (eq. (8)).
If θ Pt (O) is moving, a Pt atom will also move together with the adsorbed O atom. This mechanism (eq. (8)) can explain the change in the surface structure of Pt during electrolysis. Figure 9 shows the cross-sectional image of the interface between the Pt cathode and YSZ when the maximum voltage is 2.0 V. The original interface must be straight [16] between the Pt electrode and YSZ. However, the shape of the interface changed, which means that Pt migrated in the region of YSZ broken by the high voltage. The extent of breakage was significant at 4.0 V as mentioned below. Since the amount of broken YSZ was smaller in this condition (2.0 V), the area of nano-porous Pt layer was also small (Figure 9  (b) ). The bulk Pt electrode showed a micro-porous structure, which had a 1-5 μm diameter pore size and a 2-10-μm-thick pore wall. As mentioned earlier in this section, the cell performance did not change macroscopically when 2.0 V was applied. However, it was found that the results of AC impedance measurement showed the change in the performance when 1.8 and 2.0 V were applied (Figure 3 ). In the Nyquist diagram (Figure 3(b) ), the right end point means a , respectively, which means that YSZ become thin. This results coincided with the observation of the interface (Figure 9 ).
The interface structure changed slightly during electrolysis at 2.0 V. The higher-voltage application (maximum voltage: 4.0 V) was performed and the structure of the interface was examined by FE-SEM. The results are shown in Figure 10 . Figure 11 also shows an illustration of nano-and micro-structures corresponding to Figure 10(a) . In Figure 10(a) , the front of the interface consists of about 1-μm-layer of Pt. Behind this Pt layer, two different structures of Pt exist, one is a finer structure (5 μm in thickness), and the other is a coarser structure (13 μm in thickness). Between these Pt layers, two layers of broken YSZ exist. The broken YSZ was resulted from the breakage of the electric double layer by the high voltage as shown in Figure 12 . The energy-dispersive X-ray spectroscopy (EDX) observations show that the Pt layers comprised a mixture of Pt and YSZ. The dimension of the coarse structure increases from the front to the bulk of interface. The finer structure is around 0.5 μm and the coarser one is 1-2 μm. The position of the front Pt layer was magnified one million times (Figure 10(b) , 10(c), and 10(d)). It was found that 50-100-nm-ling nano-channels existed in the nano-Pt layer, which was perpendicular to the interface. These channels might provide a passage to the oxygen ion to reach the anode side of YSZ. As shown by eq. (5), the transition reaction from adsorbed oxygen on the Pt surface (θ Pt (O)) to the site in an electric double layer (θ c (O 2-)) in YSZ will occur in this position.
On the other hand, when the voltage is too high, the electric double layer will be broken, which causes the breakage of YSZ itself. When a part of the YSZ surface is broken, a nano-or micro-space is formed. Consequently, Pt will migrate toward the space and fill it. Hence, the micro-porous structure of Pt and YSZ forms.
In Figure 12 , the mechanism of CO 2 electrolysis at the cathode is summarized. The breakage of the YSZ surface by high voltage occurs owing to the breakage of the electric double layer. Simultaneously, a Pt atom migrates to the reaction front and fills the broken YSZ gap. Consequently, electron conductivity is improved and the Pt layer consists of a nano-structure. Figure  12 (a) shows an illustration corresponding to the elementary reactions (3)- (6) . Through the migration of Pt, the gap formed in the broken YSZ layer (Figure 12 (b)) is filled with Pt, which has a nano-structure (Figure 12(c) ).
Conclusion
Using a simple Pt/YSZ/Pt cell, the mechanism of CO 2 electrolysis was investigated. When an overvoltage of 4.0 V was applied, the cell performance increased drastically. In this study, structural changes of the Pt electrode and the interface between YSZ and the Pt electrode were investigated to formulate a clear mechanism for the increase in the current density.
(1) The surface of the Pt electrode became smooth after the experiment. (2) In addition, the structure of the interface in the cathode consisted of a 1-μm-thick nano-porous Pt layer and a micro-porous structure consisting of a mixture of YSZ and Pt.
(3) A mechanism of CO 2 electrolysis was presented to explain the structure change of the Pt electrode at the cathode. 
